Understanding disease transmission dynamics in multihost parasite systems is a research priority for control and potential elimination of many infectious diseases. In China, despite decades of multifaceted control efforts against schistosomiasis, the indirectly transmitted helminth Schistosoma japonicum remains endemic, partly because of the presence of zoonotic reservoirs. We used mathematical modeling and conceptual frameworks of multihost transmission ecology to assess the relative importance of various definitive host species for S. japonicum transmission in contrasting hilly and marshland areas of China. We examine whether directing control interventions against zoonotic reservoirs could further reduce incidence of infection in humans or even eliminate transmission. Results suggest that, under current control programs, infections in humans result from spillover of transmission among zoonotic reservoirs. Estimates of the basic reproduction number within each species suggest that bovines (water buffalo and cattle) maintained transmission in the marshland area and that the recent removal of bovines from this area could achieve local elimination of transmission. However, the sole use of antifecundity S. japonicum vaccines for bovines, at least at current efficacies, may not achieve elimination in areas of comparable endemicity where removal of bovines is not a feasible option. The results also suggest that rodents drive transmission in the hilly area. Therefore, although targeting bovines could further reduce and potentially interrupt transmission in marshland regions of China, elimination of S. japonicum could prove more challenging in areas where rodents might maintain transmission. In conclusion, we show how mathematical modeling can give important insights into multihost transmission of indirectly transmitted pathogens.
Understanding disease transmission dynamics in multihost parasite systems is a research priority for control and potential elimination of many infectious diseases. In China, despite decades of multifaceted control efforts against schistosomiasis, the indirectly transmitted helminth Schistosoma japonicum remains endemic, partly because of the presence of zoonotic reservoirs. We used mathematical modeling and conceptual frameworks of multihost transmission ecology to assess the relative importance of various definitive host species for S. japonicum transmission in contrasting hilly and marshland areas of China. We examine whether directing control interventions against zoonotic reservoirs could further reduce incidence of infection in humans or even eliminate transmission. Results suggest that, under current control programs, infections in humans result from spillover of transmission among zoonotic reservoirs. Estimates of the basic reproduction number within each species suggest that bovines (water buffalo and cattle) maintained transmission in the marshland area and that the recent removal of bovines from this area could achieve local elimination of transmission. However, the sole use of antifecundity S. japonicum vaccines for bovines, at least at current efficacies, may not achieve elimination in areas of comparable endemicity where removal of bovines is not a feasible option. The results also suggest that rodents drive transmission in the hilly area. Therefore, although targeting bovines could further reduce and potentially interrupt transmission in marshland regions of China, elimination of S. japonicum could prove more challenging in areas where rodents might maintain transmission. In conclusion, we show how mathematical modeling can give important insights into multihost transmission of indirectly transmitted pathogens. M ost human pathogens are zoonoses (i.e., diseases that can be transmitted, directly or indirectly, from animals to humans) and often involve a multiplicity of reservoirs and vectors (1) . However, most epidemiological theory of parasitic infections has been developed for the case of single host-parasite and hostvector-parasite systems. Meanwhile, mathematical models of zoonoses have tended to consider just one phase of the zoonotic process, focusing on either dynamics in the reservoirs or outbreaks in the human population (2) . Such studies have also been dominated by viral diseases, whereas indirectly transmitted zoonotic pathogens in general and helminth parasites in particular have been neglected (2) . In addition, although some conceptual frameworks have been proposed for multihost parasite systems to help identify key zoonotic reservoirs (3) and classify zoonotic disease threats (4), these frameworks have been rarely applied to empirical data and mathematical modeling studies (5) .
One important multihost parasite is Schistosoma japonicum, the helminth responsible for intestinal schistosomiasis in parts of East and Southeast Asia. The parasite is indirectly transmitted by snail intermediate hosts between definitive hosts, which include not only humans but also many other mammals that may act as zoonotic reservoirs. Given the fillip that large-scale control programs against human helminthiases have received (6) , studies that aim to elucidate the transmission ecology of zoonotic parasites among multiple host species are especially timely and have been identified as a priority by the World Health Organization Disease Reference Group for Helminth Infections (5) . In China, after five decades of concerted and multifaceted interventions (including chemotherapy, mollusciciding, health education, and sanitation and environmental improvement), levels of S. japonicum infection among humans are now often low in areas where schistosomiasis remains endemic (7) . However, progress to further control and elimination seems to be slowing down (8) . Transmission has even reemerged in some areas where schistosomiasis was thought to have been eliminated (9) .
In this paper, we combine mathematical modeling with a conceptual approach for the study of S. japonicum transmission in two ecologically distinct (marshland and hilly) areas of China, where we conducted parasitological surveys and population genetics studies (10, 11) that inform model design. We apply a Bayesian approach for the estimation of infection prevalence in each host species and estimate the intrinsic potential for transmission (the basic reproduction number or R 0 ) for each species in each environment, taking into account uncertainty in model parameters. Applying conceptual frameworks proposed for multihost systems (3, 4), we elucidate the most important host species (through identifying maintenance and essential hosts for transmission, which are defined in Materials and Methods) in each region and show that, as a zoonosis, S. japonicum could be classified as a spillover pathogen, an apparent multihost pathogen, or a true multihost pathogen depending on the location and scale at which the multihost parasite community is observed. We also explore the potential impact of interventions targeting different zoonotic reservoirs for control and elimination of S. japonicum in each region. Therefore, our work is not only relevant for the control of schistosomiasis japonica in China but also shows how mathematical models and conceptual frameworks can be applied to empirical data to characterize multihost parasite systems and the uncertainties therein.
Results
Estimates of R ðiÞ 0 and Overall R 0 . The mathematical model (Fig. S1 ) tracks the prevalence of infection in each definitive host species, i, and snail intermediate hosts. Based on the findings from our previous field and molecular epidemiological studies (10) (11) (12) , the definitive host species incorporated into the transmission model This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: james.rudge@lshtm.ac.uk.
were humans (H), cattle (C), water buffaloes (W), goats (G), dogs (D), cats (F), and rodents (R); thus, i ∈ [H, C, W, G, D, F, R]. The basic reproduction number, R 0 , is defined here as the average number of definitive hosts that would become infected (by snail intermediate hosts) from a typical primary case in a completely susceptible population. If R 0 < 1, the infection cannot persist within the population, whereas if R 0 > 1, the infection will be able to spread within the population and may reach a stable endemic equilibrium (13) . For each study village and region, based on the assumptions of the model, we calculated the overall R 0 across all host species and the component R ðiÞ 0 for each definitive host species i (Table 1) . We assessed which definitive host species are maintenance hosts in each area based on whether R ðiÞ 0 > 1. In addition, we estimated overall R 0 values after removal of each host species from the model, with values below one suggesting that the removed host species is an essential host for transmission in a given area ( were very low, with 95% CIs below one across all villages. This finding suggests that there is little human contribution to overall transmission and that, at least under current control programs, transmission could not be maintained by humans in the absence of nonhuman mammalian reservoirs. Furthermore, removal of human transmission in the model had little impact on the overall R 0 ( Table 2 ), suggesting that humans are nonessential hosts. In the marshland villages, estimates of R ðiÞ 0 were by far highest for cattle, with medians for R ðCÞ 0 ranging from 1.2 to 2.9 and 95% CIs that were above one in two of three marshland study villages. Estimates for R ðiÞ 0 were generally below one for all other species in the marshland region, although the upper 95% CIs were above one for R ðW Þ 0 in two villages and R ðGÞ 0 and R ðRÞ 0 in one village each. Thus, the possibility that water buffalo, goats, and rodents are also maintenance hosts in some villages, in addition to cattle, cannot be ruled out. However, when the model was fitted to pooled data at the regional level, R ðiÞ 0 in the marshland region was only significantly above one for cattle, whereas all other R ðiÞ 0 distributions were significantly below one (Table 1) .
In the hilly villages, R ðiÞ 0 was highest for rodents, suggesting that rodents are driving transmission and likely to be maintenance hosts in these villages (although this finding was not quite robust to parameter uncertainty in two villages, where the lower bound of the 95% CI for R ðRÞ 0 was less than one) ( Table 1) . If transmission from rodents is removed, the overall R 0 in the hilly villages is predicted to fall below one, suggesting that rodents are also essential hosts in this region ( Transmission-blocking vaccines that reduce the fecundity of adult schistosomes in bovines may soon be deployed (14, 15) . In some regions, bovines are even being removed, driven by the "machines replacing cattle" program (8, 10) , in the hope of eliminating transmission. Fig. 1 shows the predicted impact of reducing the rate of transmission from bovines (both cattle and water buffalo) to snails on the overall R 0 and the incidence in humans in the marshland region. The percentage reduction could correspond, for example, to a proportion of bovines being removed from the region or the efficacy of an antifecundity vaccine (with 100% coverage) at reducing the rate of S. japonicum egg excretion by infected bovines. The results show that reducing bovine transmission could considerably reduce R 0 and further reduce the (already low) incidence among humans. However, there was uncertainty around the percentage reduction required to bring R 0 below one, with a median estimate of 55% (95% CI = 43-72%). Thus, it is uncertain whether (but perhaps unlikely that) a vaccine that reduces the rate of egg excretion by infected bovines by 50% (the approximate efficacy of current antifecundity vaccines) (14) would eliminate transmission. The model predicts that complete elimination of bovines from the region, which has recently taken place, will reduce R 0 to below one (R 0 after elimination of bovines = 0.04, 95% CI = 0.01-0.72). Furthermore, the predicted percentage reduction in R 0 after elimination of bovines suggests that these animals (cattle and water buffalo together) were responsible for 97% (95% CI = 71-99%) of transmission in the region. Fig. 2 shows the predicted impact of vaccination ( Fig. 2A ) and removal of bovines from the marshland region ( Fig. 2B ) on infection prevalence in each definitive host species over time. (This scenario was not investigated for the hilly region, because there were only eight bovines present across all three study villages in this region.) The vaccination scenario assumes that a vaccine that halves the rate of egg excretion among bovines is introduced at 95% coverage and that this coverage is maintained throughout the simulation. The model predicts that, although this intervention could considerably reduce the prevalence of infection in all host species, particularly within the first 5 y after its introduction, the prevalence is expected to remain fairly high (at around 20%) in cattle and goats, even after 20 y. After complete removal of bovines from the region, prevalence among all other definitive host species is predicted to fall below 1%, the operational threshold of transmission control (16), within around 10-20 y, ultimately leading to elimination of transmission.
Impact of Reducing Rodent Transmission in the Hilly Region. The potential impact of reducing the rodent population density in the hilly region was also investigated (Fig. 3) because of the high contribution of these animals to transmission indicated by the R ðRÞ 0 estimates in this region. There was a large degree of uncertainty surrounding the reduction needed in rodent population density that would be sufficient to eliminate transmission from the hilly region, with the 95% CI of estimates ranging from 23% to 85% reduction (Fig. 3B ). This wide range is largely because of uncertainty surrounding the baseline rodent population density and rate of egg excretion by infected rodents. Nevertheless, a 20% reduction in rodent density is predicted to reduce the incidence in humans by around 40-50% (Fig. 3B) . Given that incidence in humans is already fairly low, this amount essentially translates into less than 10 human cases per 1,000 person-y being prevented. The reduction in R 0 predicted by complete elimination of rodent transmission suggests that rodents are responsible for around 83% of transmission in the hilly region (95% CI = 35-98%) and likely to be essential hosts for transmission in this region (Table 2) .
Discussion
With the prevalence of S. japonicum among humans now at low levels in many endemic areas of China, the goals of control programs are increasingly shifting from control of schistosomiasis to elimination of transmission. Goals to eliminate schistosomiasis japonica have also been recently articulated by the World Health Organization in its roadmap for accelerating work to overcome the global impact of neglected tropical diseases (NTDs) (17) and the London Declaration of the NTD coalition, pledging to contribute to the elimination or control of 10 NTDs by the end of the decade. For the feasibility of elimination to be assessed and optimum control strategies to be devised, an increased understanding of the transmission dynamics among potential reservoir hosts is paramount.
The very low values for R ðHÞ 0 estimated in this study suggest that, under the current multipronged control measures, humans are not maintenance hosts for transmission in the study villages (i.e., they cannot sustain transmission of S. japonicum in the absence of zoonotic reservoirs). Furthermore, the results provide quantitative evidence that humans are not essential hosts for transmission of S. japonicum in China, because even by eliminating transmission from humans, transmission can persist within other definitive host species. This finding highlights that transmission cannot be eliminated from these areas by focusing control efforts on humans alone (for example, by chemotherapy and health education). Snail control, the other major intervention currently in place in many endemic regions of China, is costly, potentially environmentally damaging, and often only partially effective because of the resilience and widely dispersed distribution of snail populations (18) . Directing interventions to transmission among definitive host reservoirs could, therefore, be crucial to consolidate and build on current achievements of S. japonicum control programs.
Importantly, our results suggest that bovines, specifically cattle, were likely to be the only species able to maintain transmission alone in our marshland study area and also likely to be essential for transmission to be maintained (Table 2 ). This result is consistent with a previous modeling study (19) , and moreover, it suggests that it is largely robust to parameter uncertainty, the contribution of other definitive host species (such as dogs and rodents), and heterogeneous mixing between species. However, the possibility that goats were also maintenance hosts in one of our villages cannot be ruled out (upper bound for R 0 (G) was above one). Thus, elimination of bovines from lake and marshland areas where goats are also present may not suffice to eliminate transmission.
Because removal of bovines will not be a feasible solution in many other regions, the potential impact of an antifecundity vaccine against S. japonicum in bovines was also investigated. Studies have shown such vaccines to be ∼50% efficacious at reducing the rate of egg excretion from infected water buffaloes (14, 15) . Assuming that these vaccines would have a similar efficacy in cattle, our model predicts that, as a sole intervention, vaccines might be unlikely to eliminate transmission in our marshland study area (assuming that bovines had not since been removed), even if applied at a high coverage. However, such vaccines could prove valuable for improving morbidity control in lake and marshland areas, where human incidence is still relatively high, and may be successful at achieving elimination if coupled with a reduction (rather than complete elimination) of bovine populations and/or intensification of other measures as part of integrated control.
In contrast to the marshland/lake regions, the potential importance of zoonotic reservoirs in hilly regions of China (where density of bovine populations tends to be lower) has previously received relatively little attention. Our results suggest that rodents are probably maintenance host species, which may at least partly explain the reemergence of human and snail infections in some hilly/ mountainous regions of China where S. japonicum was thought to have been eliminated, including our study region (9, 20) . In theory, reducing the rodent population density could eliminate transmission in such areas, although the feasibility and desirability of rodent control are questionable because of the high reproductive rate of rodents, the notorious difficulties of trapping and poisoning rodents, and the potentially damaging impact on ecosystems. Elimination of S. japonicum in areas where rodents are maintaining transmission could, therefore, be very challenging, and it may be necessary for control programs in such areas to focus on sustaining measures, such as health education and mollusciciding, to minimize or prevent infections in humans.
Because of considerable uncertainty surrounding model parameters for rodents (particularly relating to their population density), the hypothesis that rodents are maintenance hosts in the hilly region was not quite robust to the uncertainty analysis. However, there was generally no evidence that any other host species could maintain transmission in this region. Thus, if rodent densities are in reality at the lower end of the range allowed in the uncertainty analysis, it is possible that a species complex (e.g., rodents, dogs, and perhaps, humans) rather than any single host species is maintaining transmission in this region. The generalist nature of S. japonicum would be, evolutionarily, a greatly advantageous and even essential trait for the survival of this parasite in such situations.
The model results suggest that dogs and cats are unlikely to be maintenance or essential hosts for transmission in either region. Nevertheless, we should not rule out an important role of dogs in the transmission of S. japonicum in China. Our previous molecular analyses suggest that dogs as well as rodents may contribute substantially to snail infections in some hilly areas (12) . Furthermore, given their free-roaming nature, dogs could potentially facilitate the spread of infection between otherwise largely isolated rodent habitats within an endemic hilly area or perhaps act as a connecting host between rodent transmission foci and human exposure sites.
S. japonicum is often considered to be a true multihost pathogen because of the wide range of mammalian host species in which natural infections have been found (21) . However, by applying a framework proposed for classifying disease threats (4), which is summarized in SI Text, to our model results, this term is perhaps only partly accurate for S. japonicum. Certainly, in the absence of current control efforts, humans probably could sustain transmission alone, in which case S. japonicum would meet the criteria of a true multihost pathogen. Furthermore, both bovines and rodents are likely to be maintenance hosts (albeit in different regions), which again, makes it intuitive to classify S. japonicum as a true multihost pathogen. However, when looking at each habitat type separately, it seems that only one species in each region could currently be considered a maintenance host, whereas all other definitive host species are likely to be nonmaintenance hosts, despite infections seeming endemic in the latter because of substantial transmission from the maintenance host. Thus, within each of our two study regions, S. japonicum would actually be classified as an apparent multihost pathogen according to the proposed framework (4). Furthermore, because infected humans (the target hosts) were not detected in some villages during our parasitological surveys (10) , infections may only be transient in human populations in some villages, in which case S. japonicum could even be classified as a spillover pathogen in some areas. Thus, the present study provides an empirical example of how the classification of a specific zoonotic disease threat can vary depending on local epidemiological conditions and the scale at which the multihost-pathogen community is considered.
The study results are subject to limitations relating to the simplifying assumptions of the model, which are discussed in Materials and Methods. For example, we assumed that the probability of a single parasite egg excreted by a definitive host causing a snail infection (defined by parameter-η) is constant across all definitive host species. In reality, this assumption is unlikely because of the among-species variability in factors, such as hatching rates of S. japonicum eggs and spatial interaction of hosts with snail habitats. However, it seems likely that, in the marshland region, η would be highest for bovines, because these animals are reared on snailinhabited marshy areas of the land, whereas in the hilly areas, rodents were observed to inhabit irrigation ditches where snail populations are concentrated. Furthermore, η would likely be relatively low for humans, given that, at least in our study villages, human stool is often deposited in toilets especially constructed for biogas production (10). Thus, allowing η to be higher for bovines and rodents and lower for humans would only strengthen the findings pertaining to the relative importance of different host species.
In conclusion, taking S. japonicum as a model multihost multiparasite system, this study shows how mathematical modeling and conceptual frameworks can be applied to gain important insights into the transmission ecology of multihost parasite systems. In particular, our results elucidate the relative contribution of different host species to S. japonicum transmission in different habitat types in China and the potential for transmission maintenance in each species in the absence of other definitive host populations. The results suggest that, under current control programs, human incidence is largely caused by spillover from transmission among reservoir hosts and that the main species of the latter varies between different habitat types (i.e., rodents in hilly areas in contrast to bovines in lake/marshland regions) in Anhui, China. Directing interventions to the definitive host reservoirs that are most influential in transmission could be crucial for additional progress to elimination of S. japonicum.
Materials and Methods
Field Data Collection and Analysis. Details on the local field data used in this study are given in ref. 10 . Briefly, three study villages (Guanghui, Heping, and Xingzhuang) were selected from Tongling County, a marshland area within Anhui Province, China. Another three villages (Longquan, Longshang, and Yuantou) were selected from Shitai County, located in a hilly region of the same province. Systematic snail surveys were carried out in each village in 2006 according to standard protocols to estimate the density and prevalence of infection among Oncomelania hupensis snail intermediate hosts (10, 22) . Human surveys were carried out in the same year embedded within the ongoing schistosomiasis control program. The indirect hemagglutination assay blood test for antibodies to S. japonicum was performed on all consenting individuals between ages 3 and 65 y in each study village. Stool samples obtained from seropositive humans were tested for S. japonicum infection using the miracidia hatching method and Kato-Katz smears (23) . Fecal samples were also collected from cattle, water buffalo, goats, pigs, dogs, cats, and rodents and tested for miracidia hatching as described in ref. 10 . The results of the definitive and snail host surveys are given in Tables S1 and S2, respectively. A Bayesian model was applied to estimate posterior densities for the true prevalence of infection in host species in each village accounting for uncertain and imperfect sensitivity and specificity of the diagnostic tests using the methods in previous studies (24) (25) (26) . SI Text, section 1 and Tables S3, S4 , and S5 have full details on this analysis.
Transmission Model. A schematic representation of the multihost transmission model and a list parameter definitions and values are given in Fig. S1 and Table S6 , respectively. The model is based on the prevalence framework of schistosomiasis transmission by Barbour (27) , which has been adapted to the transmission dynamics of S. japonicum in both China (19, 28) and the Philippines (29, 30) . Additional justification for the use of this framework is given in SI Text, section 2. Here, we extend the model by Barbour (27) by allowing for heterogeneous mixing between definitive host species. This model extension is motivated by our previous molecular analyses that, although generally indicating high levels of parasite gene flow across host species within villages, also suggested at least some degree of substructuring of S. japonicum populations according to host species (11) . To incorporate such heterogeneity, the model tracks not only infection prevalence in each definitive host species but also the prevalence among snails according to which definitive host species caused the infection (Fig. S1 ). Thus, with seven classes of definitive host species, the prevalence among snails was partitioned into seven groups, with y i corresponding to the proportion of the total snail population infected by definitive host species i. Therefore, the rate of change in y i is defined as
where b i is the rate at which an infected definitive host of species i causes snail infections, φ i is the population density of definitive host i, P i is the prevalence of infection in definitive host i, Δ is the snail density, γ is the mortality rate of infected snails, and Y is the overall prevalence of infection among snails (i.e., Y = P i y i ; therefore, 1 − Y is the proportion of snails that are susceptible to infection). As in the original model by Barbour (27) , snail density Δ is assumed to be constant (and is subsumed within transmission rate b i ; hence, the appearance of 1/Δ in Eq. 1).
By partitioning the prevalence among snails in Eq. 1, the rate of infection from an infected snail to a definitive host of species i can vary depending on the definitive host species, j, that infected the snail. This heterogeneity was implemented by introducing a mixing matrix, Ω. Each element, ω ij , of matrix Ω scales the incidence in definitive host species i from a snail infected by a different host species j (i.e., when j ≠i) relative to the incidence from a snail infected by the same host species (i.e., when j = i). Thus, the rate of change in prevalence, P i , of definitive host species i is defined as
where a i is the incidence for a definitive host of species i per unit density of snails that were infected by the same species (when i = j), ω ij is the relative incidence in host species i per unit density of snails that were infected by host species j (with ω ij for i = j set to one), and g i is the reciprocal of the mean duration of infection in the definitive host. Thus, all interhost species (off-diagonal) elements of matrix Ω (i.e., all ω ij for j ≠ i) are relative to the intrahost species (diagonal) elements, which were set to one. If all interhost species values of ω ij are also set to one, the model is equivalent to the model by Barbour (27) , with no structuring of transmission according to host species. If these values are <1, there is heterogeneous mixing between definitive host species (such that, if all other things were equal, transmission within species would be greater than between host species). If all interhost species values for ω ij are zero, there is no spatial overlap between definitive host species and their respective snailinhabited contact sites, and therefore, there is no transmission between host species. Because it was not possible to infer the interhost species values for ω ij from any data, these parameters were allowed to vary independently between a wide range of 0.01 and 1 (SI Text, section 5).
It should be noted that time-variable environmental factors (31) and connectivity between villages (32) are also potentially important in determining the transmission dynamics of S. japonicum. However, such complexities were not included in our model because of lack of sufficient data for parameterizing their effects on transmission, and investigation of such factors is beyond the scope of the present study, which focuses on the relative importance of different host species.
Estimation of Transmission Rates and the Basic Reproduction Number. Transmission rates in the model were estimated from the field data, assuming that the dynamic processes involving loss and gain of infection are at a steady state (i.e., that the observed measures of prevalence of infection among snails and definitive hosts represent equilibrium values in each village) (SI Text, section 3, has full details). Despite the presence of control interventions, such as chemical mollusciciding and chemotherapy of humans and (to some extent) bovines in our study villages, this assumption was deemed reasonable given that these control measures have been occurring for many years. Moreover, longitudinal national surveillance data from sentinel villages within Anhui show comparable snail densities and prevalence of infection among snails and humans across at least 3 y before our field surveys in 2006, suggesting that, under the current, long-standing control measures, the system may have reached an approximately quasisteady state. [Modeling studies have shown that, after repeated treatment and conditioned to nonelimination, the prevalence distribution in those villages where infection persists at a very low level reaches a quasistationary distribution (33, 34) .] The basic reproduction number within each species, R ðiÞ 0 , and the overall R 0 for each multihost community were then estimated using a next generation matrix (35) constructed from the system described by Eqs. 1 and 2 (SI Text, section 4, has full details). It should be stressed that R 0 values derived from this analysis are estimates of the basic reproduction number for transmission in the presence of current interventions and under the assumption of quasistationary distribution of prevalence, which is particularly relevant for humans, who have been regularly treated.
Parameter Values and Uncertainty Analysis. The majority of model parameters was assigned a plausible distribution of values rather than single-point estimates. Values and probability distributions of parameters were chosen based on local parasitological survey data (including the posterior distributions of prevalence data estimated from the Bayesian analysis) (Table S5 ) and a review of the relevant literature. This approach acknowledges that considerable uncertainty exists surrounding parameter values, because of not only limited knowledge of schistosome and intermediate host biology but also sampling and measurement error (for example, in our field survey data used to estimate R 0 ). Parameter value distributions and their sources are shown in Table S6 , and additional details on their selection are given in SI Text, section 5. To efficiently sample the parameter space, the Latin Hypercube Sampling method was used. Longitudinal simulations of the model were run to investigate the impact of various control scenarios on the prevalence of infection across all definitive host species, incidence in humans, and R 0 values. Scenarios included removal and vaccination of bovines and reduction in rodent population densities, assuming that all current interventions (e.g., annual treatment of humans and mollusciciding) remain in place throughout the duration of the simulation.
Applying Conceptual Frameworks of Multihost Transmission Ecology. To complement the modeling analysis, we applied a conceptual framework proposed for identifying the key reservoir hosts in multihost systems (3) . Humans can be considered the target population in this study, because this species is of most concern from a public health perspective. All other domesticated and wild animals in which S. japonicum naturally occurs are the nontarget population, and those species constitute potential reservoir hosts, where a reservoir is defined as "one or more epidemiologically connected populations or environments in which the pathogen can be permanently maintained and from which infection is transmitted to the defined target population" (3) . Both target and nontarget host species can be classified as either maintenance or nonmaintenance species depending on whether the parasite can persist in that species in the absence of transmission from other host species (assuming, in this case, that sufficient densities of snail intermediate hosts are present). In our study, this classification was determined according to whether estimates of R ðiÞ 0 were ≥1 (maintenance host) or <1 (nonmaintenance host). Each host species can also be classified as either essential or nonessential to transmission according to whether transmission can be sustained in the absence of transmission from that species. This classification was determined from estimates of overall R 0 after removal of transmission from each species in the model; if it fell below one, then the removed species was classified as an essential host.
In addition, we applied a framework proposed by Fenton and Pederson (4) for describing the configurations of multihost-pathogen communities. Based on a pathogen's within-and between-species transmission rates, this framework allows disease threats to be classified into one of four categories (with respect to the target host population)-specifically (i) spillover pathogen, (ii) apparent multihost pathogen, (iii) true multihost pathogen, and (iv) potentially emerging infectious disease. Definitions of each of these categories are summarized in SI Text, section 6.
